ABSTRACT Liposomal iodine nanoparticles (LINPs) have a long half-life and provide an excellent intravascular contrast. The nanoparticles can be functionalized as molecular probes for biological targets to facilitate numerous preclinical studies for translation toward diagnosis and therapy of various human diseases. Iodine has a K-edge at 33 keV due to the photoelectric absorption of photons, which emit X-ray fluorescence at 28 keV with a fluorescence yield of 0.88. Detections of the characteristic X-rays can be used for the imaging of iodine concentration distribution in an object. In this paper, we propose an X-ray fluorescence computed tomography method for reconstruction of a LINPs distribution over a region of interest (ROI) in a small animal. X-rays are focused onto a submillimeter focal spot utilizing a polycapillary lens, generating a pair of X-ray cones in the animal. This focused beam irradiates LINPs, the most strongly at the focal spot. Then, the focal spot can be scanned over an ROI in the object to produce X-ray fluorescence signals. From measured fluorescence data, a reliable image reconstruction can be achieved with a high spatial resolution. Numerical simulation studies are performed to demonstrate the superior imaging performance of this methodology.
I. INTRODUCTION
Molecular imaging promises rich information for early disease diagnosis, novel drug development, and individualized therapy [1] - [4] . With 3D molecular tomographic imaging, pathological changes and therapeutic responses can be analyzed based on locations and concentrations of probes in a living animal or a patient. This exciting future depends on the development of novel reporters and advanced imaging technologies. Nanoparticles are building blocks of nanotechnology, which have numerous applications in molecular medicine [5] . When specific ligands are conjugated to nanoparticles, a binding capability is enabled for corresponding biomarkers. These nano-carriers can penetrate through micro-vessels and be taken up by cells, offering highly-selective payload accumulation at a region of interest (ROI) [6] . At present, different types of nanoparticles have been synthesized and evaluated for biomedical imaging. Among nanoparticles, Liposomal iodine nanoparticles (LINPs) have been extensively studied for bioassay, tumor imaging, as well as drug delivery [7] - [9] . Iodine has a high Z number of 53 and a K-edge at 33.2 keV. When x-rays travel through an object, the interaction of photons with inner-shell electrons of atoms would occur photoelectric absorption, generating x-ray fluorescence. The Kα fluorescence energies of iodine are 28.3keV and 28.6keV with a yield of 0.882 [10] . LINPs have a low level of free iodine for minimizing risk of renal toxicity and long residence time for blood pool contrast [9] . The characteristic fluorescence from LINPs has a penetrating depth of several centimeters for small animal and biological tissue imaging.
Synchrotron-based x-ray fluorescence computed tomography (XFCT) uses the first-generation CT geometry. A pencil beam of x-rays illuminates a line path through an object. The object is scanned line by line, and rotated over multiple viewing angles to produce a dataset for image reconstruction. In 2010, Cheong et al. demonstrated that XFCT is feasible for a phantom mimicking a small animal using an ordinary x-ray source at 110kVp [11] . In 2011, Jones et al. verified the feasibility of a polychromatic cone-beam implementation of in vivo XFCT [12] . Their numerical study suggested the possibility of developing a bench-top polychromatic XFCT system for small animal imaging. Recently, Bazalova et al. reported a Monte Carlo XFCT study using an energy resolving detector, and compared XFCT with K-edge CT [13] showing that XFCT outperformed K-edge CT in terms of contrast-to-noise ratio (CNR) if the concentration of contrast agent was below 0.4%. This result was also theoretically confirmed by Feng et al. [14] . Their results showed a spatial resolution of ∼1mm and an Iodine sensitivity of 50µg/mL at a radiation dose of a few mGy for x-ray fluorescence imaging.
X-ray fluorescence imaging usually use a pencil beam of x-rays to excite the object. However, due to mechanical limitations of a pin-hole collimator, the diffraction and scattering effects of x-rays, this imaging method cannot achieve micron-scale resolution. A polycapillary lens consists of glass micro-capillaries and can focus x-rays onto an intense micro-spot, which can be typically realized at a level of 5-50µm [15] , [16] . The main working energy range of the existing devices of the x-ray polycapillary technology is approximately from 0.5 to 30 keV. Recent advances allow the device to focus high energy x-rays up to 60 keV that open new possibilities for wide applications of the x-ray polycapillary focusing mechanism [16] , [17] . Hence, it is feasible to use focused x-rays to excite LINPs for x-ray fluorescence imaging.
In this paper, we propose an x-ray fluorescence computed tomography method for reconstruction of a LINPs distribution in an object using a polycapillary lens. By focusing an incident cone-beam x-rays onto a fine focal point in an object, LINPs can be excited more specifically. The proposed approach can dramatically improve spatial resolution of fluorescence imaging. In the next section, we describe an imaging strategy and an image reconstruction algorithm. In the third section, the numerical simulations are conducted to verify the technical merits based on a realistic numerical phantom. In the last section, we discuss relevant issues and conclude the paper.
II. METHODOLOGY A. DUAL-CONE X-RAY EXCITATION
A polycapillary lens contains an array of glass microcapillaries. X-rays entering individual capillaries propagate via multiple total external reflections. In polycapillary optics, the formation of the focal spot can be well described as a superposition of beams from individual capillaries. The lateral dimensions of the focal spot are of an order of 2f θ c , where θ c is the critical angle for total external reflection (θ c =
30(mrad)
E(keV ) ), and f is the focal length determined by the bending radius of capillaries. The special bending of capillaries is able to focus x-rays into an intense microspot. For a small animal imaging, the divergent x-rays from source are re-directed onto a focal point inside the object by a polycapillary lens to excite LINPs, forming two cones of x-rays with a common vertex in the object. At the same time, a photon counting detector is placed aside perpendicular to the primary x-ray direction outside the object to collect excited x-ray fluorescence signals with characteristic energies. For tomographic imaging, a point-wise scanning mode is utilized by transitioning the object to sample every grid point in an ROI. The dual-cone XFCT imaging system is shown in Fig. 1 .
To avoid scattered x-ray signals, monochromators and filters can be used to produce quasi-monochromatic x-rays at 33.2 keV to excite LINPs at the Kα edge for emission of x-ray fluorescence at 28keV [10] . This monochromatic x-ray would generate Compton scattering in biological tissues. The wavelength difference between the primary beam and its scattering components can be calculated as: λ − λ = h m e c (1 − cos θ ), where λ is the primary wavelength, λ is the wavelength after scattering, h is the Planck constant, m e is the electron rest mass, c is the speed of light, and θ is the scattering angle. The scattered x-rays have lower energies than that of the primary x-rays, and cannot excite LINPs at the K-edge. Hence, the scattered x-rays would not interfere the fluorescence signals. In this case, the Compton scattering would not affect the image reconstruction, if the excited x-ray fluorescence signals are measured by a photon counting detector.
B. IMAGING MODEL
When x-ray photons inside the double cones interact with LINPs in an object, some x-ray photons are absorbed by iodine atoms, and generate characteristic x-rays with intensity proportional to the product of the LINPs concentration N (r), the absorbed flux rate and the fluorescence yield:
where r is a positional vector, µ ph is the photoelectric mass absorption coefficient of iodine, and η is the x-ray fluorescence yield. For biological soft tissues, an x-ray intensity distribution in the double cones can be approximated with inverse distance weighting, I (r) = I 0 W (r, r 0 )/ r − r 0 2 , where r 0 is the common vertex of the double cones, I 0 is the intensity of the x-ray source, and W (r, r 0 ) is the corresponding aperture function of the double cones at the vertex r 0 . A photon counting detector of a larger area is preferred to capture more x-ray fluorescence photons at 28keV. Then, fluorescence photons propagate in the object, and some of them escape from the object and contribute to the fluorescence signal measurement. From the Beer-Lambert law, the number of fluorescence photons I e (r) detected can be computed as
where s is the solid angle spanned by the effective detector surface, µ F is the attenuation coefficient for x-ray fluorescence, and l is the path from a position r to a detector element.
Thus, for each double cone excitation, the measured fluorescence signal can be expressed as
where D is the double cone space. Eq. (3) can be discretized into a linear equation with respect to an unknown LINP concentration N (r). To perform an XFCT reconstruction of a LINPs distribution, the focal point r 0 of the x-ray double cones is scanned over all grid points in an ROI. In this way, we can obtain a sufficient amount of information for a decent ROI-based image reconstruction. The measured fluorescence data form a system of linear equations based on Eq. (3) can be solved using an algorithm for sparse linear equations and sparse least squares (LSQR) [18] or a compressed sensing technique.
III. NUMERICAL SIMULATION
In the numerical experiments, we constructed a 2D phantom with multiple feature sizes and concentration levels to evaluate spatial and contrast resolution of the XFCT reconstruction of LINPs in the phantom. The phantom was a circular object with a radius of 10mm, and contains 20 circular disks with different diameters from 0.1mm to 1.5mm. This phantom was filled with water. The attenuation coefficient of water is 0.0184/mm. The internal disks were filled with LINPs concentrations from 0.1mg/mL to 2mg/mL. The phantom was discretized into a 300 × 300 mesh with a pixel size of 0.067mm. We assumed that the x-ray source was operated at 35kVp and 2mA, and filtered by Tin with a thickness of 5mm to remove low energy x-rays. As a result, this source generates 4 × 10 5 photons at 33.2 keV. A polycapillary lens was assumed to have a focal spot of 50µm in diameter, defining double cone geometry of a 19.2 • angle. The x-ray K-shell fluorescence yield η is 0.88. The photoelectric mass absorption coefficient of iodine is 35.2 (cm 2 /g) at 33.2 keV [19] . A circle region with a radius of 4mm was selected as an ROI centralized in the phantom. During each data acquisition, this double cone region covered some square elements where LINPs were irradiated by the primary x-ray beam. A detector was put on one side of the object, 15mm away from the center of the object, to record x-ray fluorescence data. Based on Eqs. (1-3) , the fluorescence intensity readings were simulated, and corrputed with Poisson noise to mimic real conditions. Finally, the system of linear equations was established.
The LSQR method was used to solve this system. The LSQR algorithm is based on the bidiagonalization procedure proposed by Golub and Kahan [18] . It generates a sequence of approximated solutions such that the residual norm decreases monotonically. Figs. 2 and 3 compare the true and reconstructed distributions, showing excellent image reconstructions. The simulation results also indicate that the minimal detectable concentration is about 1µg/mL.
IV. DISCUSSIONS AND CONCLUSION
We have proposed a new imaging approach to localize and quantify LINPs in biological tissues. Aided by a polycapillary lens, x-rays can be focused onto a micro-spot inside a biological object, reducing the excitation volume and improving spatial resolution. The proposed imaging system uses x-ray dual-cone excitation in a point-wise scanning mode. Different from the pinhole-based x-ray fluorescence imaging mode, which suffers from mechanical limits of a pinhole collimator, diffraction and scattering effects of x-rays, the proposed method promises a significantly better imaging performance. By point-by-point scanning, the acquired fluorescence intensity information allows localized imaging and high resolution in a sub-millimeter domain, and even on a micron scale. The proposed dual-cone XFCT approach has a great preclinical potential, especially for molecular and cellular imaging of small animal models in conjunction with bio-conjugated LINPs. The work along this line could be translated for clinical imaging as well, as such for breast XFCT. This will help XFCT as a new imaging tool, and also open a door to include other types of nanoparticles and contrast materials.
